We retrospectively reviewed the surgical results of thoraco-abdominal aortic repair using moderate-to-deep hypothermia combined with targeted reconstruction of the Adamkiewicz artery (AKA).
INTRODUCTION
Thoraco-abdominal aortic repair continues to be associated with high mortality and morbidity rates [1, 2] . Intraoperative organ protection is the major issue, particularly in the spinal cord. Even the advent of endovascular repair has not resulted in better operative and long-term outcomes, particularly when the pathology is aortic dissection [3, 4] . The most common adjuncts for organ protection during thoraco-abdominal aortic repair include mild hypothermia, distal aortic perfusion, visceral perfusion and spinal fluid drainage [5] . Excellent outcomes have been reported using these adjuncts with mortality rates of 3−5% and spinal cord injury (SCI) rates of 5-8% for those with considerable experience [5, 6] . However, standardized methods are still required.
Although the causes of SCI are considered to be multifactorial, a better understanding of the spinal cord circulation can provide a basis for preventing SCI. In these situations, the anatomical details of the spinal cord vasculature described by Adamkiewicz [7] have been the focus in aortic surgery, and the development of imaging modalities has provided for locating the arteria radicularis anterior magna (Adamkiewicz artery, AKA) preoperatively [8, 9] . The anatomical and physiological importance of the AKA for spinal cord circulation is paramount, although few reports have supported the importance of identifying the AKA for aortic surgery.
Deep hypothermia provides intraoperative spinal cord protection when the spinal cord circulation is disrupted and protects against reperfusion injury [10, 11] . Even for extensive repairs with extent I or II aortic pathologies, with the identification and reconstruction of the AKA, deep hypothermia may provide better results by providing intraoperative ischaemic tolerance and optimal postoperative spinal cord circulation. Since 2006, we have used moderate-to-deep hypothermia combined with the identification of the AKA for thoraco-abdominal aortic repairs. For this report, we retrospectively reviewed the outcomes of these patients.
MATERIALS AND METHODS
Between 2006 and 2014, a total of 168 patients underwent thoraco-abdominal aortic repair in our hospital. Among these, 100 (60%) patients who had extensive repairs (Crawford extents I-III) underwent thoraco-abdominal aortic repair using moderate (25°C) to deep (18°C) hypothermia. Deep hypothermia was used for 71 patients who required open proximal aortic anastomosis and moderate hypothermia was used for 29 patients who did not. All patients, except for 5, who had an emergency or urgent operation, underwent preoperative computed tomographic angiography to locate the AKA. We were able to locate the AKA for 87of 95 patients (91%). We created three-dimensional images, including the aortic segment and intercostal arteries (ICAs) that branched to the AKA to secure intraoperative identification of its localization.
The preoperative characteristics of the 100 patients who were enrolled are summarized in Table 1 , which included 34 patients with connective tissue disorders. Table 2 presents the aortic and procedural characteristics. Four patients had an emergency operation and 3 had an urgent operation. Thirteen had extent I repair, 76 had extent II and 11 had extent III. Seven patients had concomitant arch repair. Fifty-two had prior aortic surgery adjacent to the replaced aortic segment.
CT angiography
We performed CT angiography to identify the location of the AKA with a 16-channel multidetector row helical CT scanner (Aquilion 16; Toshiba, Tokyo, Japan). Scanning parameters were as follows: 120 kV, 250 mA, 0.5-mm section thickness, 11.0 helical pitch (0.8125 beam pitch) and 0.75-s rotation speed. Scanning was performed from the sixth thoracic vertebra to the third lumber vertebra. A total of 100 ml of high-osmolarity iopamidol was administered at a rate of 5.0 ml/s with a power injector. The scan delay was set with an automatic triggering system. Continuous low-dose fluoroscopy (120 kV, 50 mA) performed at the level of the descending aorta was initiated 10 s after the start of contrast material injection. The attenuation of the round, 1-cm diameter region of interest in the descending aorta at the level of the sixth thoracic vertebra was measured three times per second. When this value reached a present threshold (an absolute attenuation value of 200 HU) three consecutive times, helical CT began automatically. Scanning was performed twice [12] .
Operative procedures
Each patient was positioned in a right lateral decubitus position with the shoulders at 60-80°, and the hips flexed to 30-40°from the horizontal plane. The left arm was raised to 120°. A complete thoraco-retroperitoneal incision was made and the diaphragm was incised circumferentially.
After exposing the aorta and complete heparinization (administration of 3 mg/kg heparin and the target activated clotting time was >400 s), cardiopulmonary bypass was initiated using the distal left axillary (1.0-1.2 l/min/m 2 ) and the right femoral artery (2.0-2.5 l/min/m 2 ) for inflow, and the right femoral vein and the pulmonary artery for drainage. Then, the patient was cooled to the targeted temperature with monitoring of the tympanic and bladder temperatures. Ventricular fibrillation occurred in all patients. If left ventricular distension was observed by transoesophageal echocardiography when hypothermia-induced ventricular fibrillation occurred, then the left ventricle was vented through the left pulmonary vein or the left ventricular apex. We did not apply the clamp in the aortic arch as a standardized procedure. When both the tympanic and bladder temperatures were at the target level, for those patients who required an open proximal aortic anastomosis, a clamp was applied to the middescending aorta to maintain femoral artery perfusion after injecting 40 mEq of potassium to obtain cardiac arrest during upper body circulatory arrest. For those patients who did not require an open proximal anastomosis, double clamps were applied to the proximal anastomotic site to maintain both femoral and axillary artery perfusion. When we performed a concomitant total arch replacement, brachiocephalic vessels were cannulated for selective cerebral perfusion. We used a Dacron four-branched graft (Vascutek Coselli) for thoraco-abdominal aortic replacement. After completing the proximal anastomosis, the mid-descending aortic clamp or the distal ends of the double clamps were moved distally onto the aorta just below the estimated replaced aortic segment. Upper body perfusion was resumed through the cannula that had been placed at the proximal graft and distal perfusion was maintained. If we had to avoid clamping the distal aorta, such as with acute dissection or a shaggy aorta, we discontinued the distal perfusion and proceeded as follows.
The entire diseased aorta was opened. We oversewed the patent ICAs, except for the target ICA and a couple of adjacent ICAs. ICA reattachment was performed as an island cuff or using a woven Dacron graft as a side arm of the graft of 10 mm to separately attach each ICA. If the AKA could not be identified during a preoperative study, we blindly reattached two or three pairs of intercostals between the Th 8-12 levels. Visceral arteries were cannulated and perfused at 800-1000 ml/min. Subsequently, a distal aortic anastomosis was performed and the patient was rewarmed. During rewarming, visceral arteries were reattached to the side arms of the graft. A spinal fluid drainage tube was preoperatively inserted and continuously drained to maintain the spinal fluid pressure at 10 mmHg or less if motor evoked potentials (MEPs) significantly changed after the patient was rewarmed.
Results for categorical variables are given as frequencies and results for continuous variables are given as median with range or means ± standard deviations. Data were analysed using the SPSS software (SPSS, Inc., Chicago, IL, USA). Transfusion amounts were the numbers of red blood cell units prepared from 200 ml of donor whole blood.
The Ethics Review Board of the National Cerebral and Cardiovascular Center approved this study and individual consent for this study was waived. Table 3 summarizes the operative variables involved during these procedures. Overall, the median CPB time was 278 (140-423) min, deep hypothermia was used for 71 patients, the mean number of reattached intercostals was 1.5 ± 0.7 pairs and the mean transfusion amount was 20 ± 17 units. The numbers of reattached intercostals are reported in Table 4 .
RESULTS
In-hospital adverse events that occurred are presented in Table 5 . There were 5 in-hospital deaths (5%). The causes of death included lung bleeding (2), infection (2) and a ruptured iliac aneurysm (1). For 2 of these cases, whether stroke and SCI had occurred was unknown because they immediately died postoperation. Overall, 4 patients had a stroke, 2 had a SCI and 9 had acute renal failure that required temporary dialysis. A temporary neurological deficit, including delirium and convulsions, occurred in 22 patients. Prolonged ventilation of >48 h was required for 33 patients and a tracheostomy was required for 6. There were differences in the outcomes between the groups of moderate and deep hypothermia in the rate of postoperative tracheostomy, operation time and cardiopulmonary bypass time ( Table 6 ).
The median postoperative stay was 26 days. Two patients had a tracheostomy, 2 had paraplegia, 3 other patients were transferred to rehabilitation facilities and the remaining 88 patients were discharged home. During their follow-up, no patient had a reoperation on the same segment or contiguous aorta. Four of these patients died, including 2 due to suicide and 2 due to intracranial haemorrhage. Postoperative CT imaging showed patent target 
DISCUSSION
SCI remains a major issue with thoraco-abdominal aortic surgery. The widely accepted treatments for intraoperative spinal cord ischaemia include rapidly stopping any backbleeding from the intercostals, promptly reattaching the target intercostals, appropriately maintaining haemodynamics and using previously reported adjuncts, such as mild hypothermia, distal aortic perfusion or cerebrospinal fluid drainage [6] . However, even when using these treatments, mild hypothermia allows for only a limited period of ischaemia for the spinal cord. The series that were performed by those with considerable experience reported excellent results of low rates of SCI, although there remain large differences between these and nation-wide reports [1, 2, 5, 6] . Therefore, standardized surgical methods need to be developed. Theoretically, extending the spinal cord ischaemic tolerance time and restoring the spinal cord circulation after aortic repair during this time is the most ideal method for spinal cord protection. The simplest method to extend the ischaemic tolerance time is deep hypothermia. Excellent results have been reported with thoraco-abdominal aortic repair using deep hypothermic circulatory arrest, particularly with regard to spinal cord protection [10, 11] . The spinal cord is considered to be less vulnerable than the brain [13] . Thus, deep hypothermia of <18°C, at which temperatures brain protection can be safely performed with circulatory arrest, should provide for sufficient spinal cord protection for the same time period as the brain. When brain protection is required using proximal circulatory arrest, we have adopted using a temperature of 18°C. When brain protection is not required, we have adopted 25°C only for spinal cord protection. There is a reason for setting these temperatures.
Approximately 60 min are required to perform distal aortic anastomoses, oversewing the intercostals to stop backbleeding and reattaching the target intercostals after clamping the aorta without segmental clamping as a standardized method. We assume that the time required to complete these procedures is the actual spinal cord ischaemic time. Extending the ischaemic tolerance of the spinal cord is key to establishing a standardized method. An experimental study showed that an ischaemic period of 60 min was the limit for safe spinal cord protection at 28°C [14] . To secure the safety margin, using distal perfusion and other adjuncts, we have set the temperature at below 25°C. The patients undergoing the operation with deep hypothermia had a higher rate of postoperative tracheostomy and longer operation and cardiopulmonary bypass time than those with moderate hypothermia. Although there was no statistical difference in the amount of transfusion, more blood products were required in those with deep hypothermia than moderate hypothermia. We actually prefer moderate hypothermia as that brings enough ischaemic tolerance during the time to reconstruct the aortic segment; however, in the patients with aortic dissection, especially those with connective tissue disorder, we usually apply the open proximal anastomosis technique to avoid the proximal aortic dissection. That is a reason for the high rate of usage of deep hypothermia. In this study, 2 of our patients had postoperative spinal cord injuries. One had had a bypass of the ascending aorta to the bilateral iliac artery to improve lower body malperfusion caused by acute aortic dissection, in which we attempted to place arterial cannulation at the time of thoraco-abdominal aortic repair. Massive bleeding from the graft occurred and we had to apply a cross-clamp for a long time to repair this graft. This would have caused the extensive postoperative spinal cord infarction. The other patient had an emergency operation from the aortic arch to the iliac artery for an acute type B dissection, for which we could not perform a preoperative examination to detect the AKA. The importance of the arteries responsible for spinal cord protection during aortic surgery remains unclear. Only a few reports have supported the importance of the AKA in aortic surgery [15, 16] . We previously reported the positive impact of preoperatively identifying the AKA [16] , and recent advances in imaging modalities provide for accurate intraoperative identification of the AKA. The rationale for restoring the spinal cord circulation by reattaching the identified AKA after aortic repair is reasonable, although the patency rate of the reattached intercostals was only 62% in this study. We speculate that the artery was patent intraoperatively and immediately postoperatively and was then blocked as the collateral network [17] and neuroprotective effect of hypothermia [18] after reperfusion began to work. However, in cases of thoracoabdominal aortic repair under mild hypothermia using MEPs, we have experienced that MEPs disappeared during segmental clamping and reappeared after reperfusing the reconstructed AKA preoperatively identified in some of them. This would be an exactly critical AKA. The 'collateral network' is not perfect as previously reported [17] ; therefore, we believe in the anatomical importance of the AKA, although it remains unclear how much the identification of the AKA contributed to the results considering the patency rate and the effect of hypothermia. Demonstrating this in a large population would be a subject of future research.
An SCI can also be a result of atheroembolism [19] , which would be caused by aortic manipulation. This may be one reason for the low rate of SCI when using a procedure without segmental clamping.
Hypothermia also provides a positive effect for renal protection, as reported with regard to topical cooling by injecting cold Ringer's solution [20] . The rate of acute renal failure in this study was low when using systemic hypothermia.
However, there are some negative effects of using hypothermia. First, hypothermia can induce coagulation abnormalities, which are due to alterations in both clotting factors and platelets and require increased transfusions of allogenic blood products [21] . In this study, the mean blood transfusion amount was 20 units, and 2 patients died from pulmonary haemorrhage that resulted from a coagulopathy. One report described that there were differences in the amounts of bleeding between using deep hypothermia and moderate hypothermia in aortic surgery [22] . As the blood temperature is reduced, the clotting time increases exponentially [23] . Thus, we have preferred using moderate hypothermia rather than deep hypothermia for those cases that do not require brain protection. With the development of better blood transfusion strategies, hypothermia-induced coagulopathy is showing improved outcomes, although this remains an issue for future studies.
Secondly, there is a question of whether hypothermia-induced ventricular fibrillation has a negative effect on postoperative cardiac function. We need to be careful of whether the left ventricle is distended macroscopically or by transoesophageal echocardiography because the perfusion of the subendocardium is impaired in a distended left ventricle during ventricular fibrillation, even under cardiopulmonary bypass. In this case, we place a venting catheter into the distended left ventricle through the left atrium or left ventricular apex. We achieved good results for 5 of our patients with preoperative low cardiac function with ejection fractions of <45%. Overall, only 2 patients had postoperative congestive heart failure. However, the reason for this condition is poorly understood. Thus, we believe that those patients with poor left ventricular function, particularly that caused by ischaemic heart disease, are not good candidates for this procedure.
The effect of hypothermia on lung function is unknown. In this study, the mean mechanical ventilation duration was 1.6 days, and a tracheotomy was required for 6% of these patients. We believe that there was no negative impact on respiratory function due to hypothermia alone in the absence of other factors that could influence respiratory function, such as large blood transfusion amounts, although we should avoid high left and right atrial pressure during hypothermic CPB because it can cause pulmonary oedema and result in postoperative hypoxia and lethal lung bleeding. However, this procedure requires significant transfusion amounts, incising the diaphragm and thoracotomy that can impair respiratory function. Thus, patients with severe lung diseases should be excluded.
The incidence of stroke was high (4%), possibly by frequent use of open proximal anastomosis. Moderate to deep hypothermia was useful for spinal cord protection; therefore, the combined proper use of a proximal aortic clamp would lower the incidence of stroke.
For this study, we had no definitive criteria for using this procedure and we need to determine its indications by considering the possible advantages and drawbacks. In this study, four surgeons performed this procedure on a total of 100 cases, and there were no differences in performance among these surgeons. This procedure does not require highly experienced and excellent surgical skill. Therefore, it could be a standard surgical technique for extensive thoraco-abdominal aortic repair.
In summary, thoraco-abdominal aortic repair using moderate to deep hypothermia combined with targeted reconstruction of the AKA provides good results, and the incidence of SCI is particularly low. The large blood transfusion amounts required remain an issue to be resolved.
